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RF OUADRUPOLE BEAM JDYNAMICS DESTIGN STUDIES*
K. R. Crandall, R, A, 8tokes, and T, P. Wangler
Loa Alamos Sclentific Laboratory

Los Alamos,

Summary

The radioc-frequency quadrupol: (RFQ) linear
accelerator structure is expected to prriit con-
siderable flexibility in achieving i1inac design
objectives at low velocities. Calculational
studies show that the RFQ can accept 8 high-
current, low-velocity, 4Ac beam, bunch {t with
high efficiency, and accelerate it to a veloclty
suitable for injection into a drift-tube linac.
Although it is relatively easy to generate a
satisfactory design for &n RFQ linac for low
beam currents, the space-charge effects produced
by high currents dominate the Aesign criteria.
Methods have been developed to generate solu-
tiona that make suitable compromises between the
effects of emittance growth, transmisecion effi-
clency, and overall structure length. Results
are given for a test RFD linac operating at
425 MA2.

Introduction

Soon after the linear accelerator was
{nvented, searches began for methods to circum-
vent the incompatibility between longitudinal
and radial stability. The use of drift-tube
foils or grids, externally applied fields, and
alternating phase focusing has met with success
in specific areas of application. Rowever, each
of these solutions has cericus disadvantages
particularly in the acceleration of low-velocity
ions. Since 195, there have been sugges-
tional=4 that linear accelerator electric
fields could be used for radial focusing as well
as for acceleration. These proposals were based
on noncylindrically symmetric electrode shapes
that would generate transverse quadrupole
fields, This rf self-focusing is an important
new idea espacially at low velocities because
the electric force is velocity independent.

In 1970, Rapchinskii and Teplvakov5:6
(K-T) proposed a particularly attractive form of
these new {deas. The previous proposals to
generate quadrupole fields used specially shaped
gaps between drift tubes or waveguides to
generate localized focusing forces. However,
the scheme proposed by K-T was a more basic and
flexible idea in which the quadrupole focusing
field was gpatially continuous along the z-axis.
We call this structure the RFQ. Pigure 1 shows
a8 schematic view of a four-vane resonator that
is the tform of the RPQ telng developed at the
Los Alamos Scilentif.c Laboratory (LASL).

*Work pe:formed under the auspicer of the U. 8.
Department of Energy.

New Mexico 87545

The RFO mav have important applications in
the low-velocity part of many tvpes of ion
accelerators. It can provide several neceamsary
fiunctions in a continuous manner to produce a
final beam suitahle for {njection into a conven-
tional accelerator. Briefly these functions are
the following: (1) acceptance of a dc beam
(50-keV protons, for example) and radially
matching it into the following sections of the
RFQ; (2) bunching thia beam adiabatically with
high capture efficiency (»90V); and (3) accel-
erating the beam to an energy fl1-MeV protons,
for example) that ie convenient for injection
into the next acceleration stage. 1In thia paper
we will consider ths next stage to be a drift-
tube linac. Through proper design it is possi-
ble to control the particle diatribution in the
phase-stable bucket so that nonadiabatic accel-
eration effects are minimized. Also, the.final
synchronous phase can be brought to a valiue (mav
-30°) that is suitable for capture by a drife-
tube linac. Because the radial focusing forces
are electric and retain their full strenqth at
low velocity, and also becaume the forces are
apatially continuoua, the above functions can he
accomplished at low velocities with minimal
effects from space charge. Also, as suggester
by K-T, space-charge effects can be further
minimized through proper control of the bunching
process. This idea is an important contribution
that is compatible with possible cholces of RFD
design parameters.

There are several possihble applications of
the RFQO now under ccnsideration at LASL. These
include: (1) a high-intensaity deuteron accel-
erator for the Hanford Fusion Materials Irradia-

Pia. 1. TCour-vane resonator.
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RFQ pole-tip geometry,

tion Test (MIT) Pacility, (2) the Pion Gener-
ator for Medical TIrradiation (PIGMI), a high-
intensity proton accelerator for use in pion and
neutron radiotherapv, (3) a heavv-ion accel-
erator for inertial fuslon, and (4) a high-
energy accelerator for iona such as neon.
Methods we have found useful in choosing beam-
dynamics parameters for RFQ systems are
presented. As a specific example, we give the
results of these methods applied to a proton
linac deaigned to test the RFQ principle.

RFQ Elec*ric Fields and Pole-Tip Geome*ry

In the RFQ the electric fleld distributic-
is generated by four poles arrai.2d symmet-
rically around a central z-axis. The poles are
excited with rf power so that at a given time,
adjacent pole tips have equa) voltages of
opposite signs. 1If the pole tips nave constant
radius as 2z is varied, then onlv a transverse
field (mainly quadrupole) is present. 1In the
x-2 plane for example, this quad-upole field is
focusing for one-half of the rf period and
defocusing the other half. The structure has
the properties of an alternating-gradient
focusing system with a strength independent of
particle velocity. To generate a longitudinal
accelerating flield rhe pole tips are period-
ically varied in radius, The variation is such
that, at a value of z where the pole tips in the
x-1 plane have minimum radius, the pole tips in
the y-z plane have maximum radius. This is
shown in Pig. 1. Pigure 2 shows a cut through
the x-2 plane, and shows the mirror symmetry of
the opposite poles. 1In Pig. 2 the radius param-
eter a, the radius modulation parameter m, and
the cell length are defined. The longitudinal
field is generated between the x pole tip that
has minimum radius at z = 0, and the y pole tip
that has minimum radius at z = B83/2. The unit
cell is £A/2 in length and corresponds to one
acceleration gap. Adiacent unit cells have
oppositaly direct E, flelds, so that in

practice only everyv cther cell contains a
particle hunch.

In the coordinate system of Fig, 2 the
lowest-order potential Function given by X-T {g
teitten in cylindrical coordinates (r, i, 2) as
follows:

v r ?
U= 3 [x (—) cog ?2 + Al fkr) cos sz
a [

+ sin (wt + ¢) , ()

where V ig the potential Alfference hetween
adjacent pole tipes, and k = 27/8),

Pram this we ohtalin the following electric flele
componentsa;

xv N kAV
Er 52 r coe 2y > Illkt\ cos kz , 12y
.4 _— .
E@ 2 r sin 2 7 , {1
a
kAY
Ez ) Io(kr) sin kz , 14)

each multiplied by sin (.t + ¢). Our method of
calculating RFO heam Avnamics {5 hase? on these
fields and is described in Ref. 7, The
quantities A and X are given hy:

2
m -1
A (5)

m21 fka) + T (mka)
o) o]
X =1 - AT (ka) (6)
o

The quantity VA {8 the potentlal difference
that exists on the ax ., between the beginning
and the end of the unit cell. This means that
the space-average longitudinal field is given bv
B, = 2AV/BL. The energy galin of a particle
v?th charge g and synchronous velocity Bc
traversing a unit cell is approximately:

AW = qEOiT cos ¢g (7

where 7 - 2A/2, and T = 1/4 {8 the value of “he
transit-time factor for a longitudinal fielAd
with space variation ein kz. Our notation is
similar to K-T except that our A equals their
divided by T = T/4.

A radial stability diagram for the RFO |s
given in Pig. 3. The abscissa is given by:

2
A m T gvA sin ¢ . (8)

2Mc26?

Thie is proportional to the usual "rf defocus"”
force that gives radial defocuming when a linac



Pig. 3. RPQO radial stability diagram.

is operated with a negative phase angle in the
range -90 to 0 degrees. The ordinate in Fig. 3
is:

This is proportional to the radial focusing
force, and depends on the magnitude of the elec-
tric quadrupole strength xv/a2. The electric
quadrupole strength does not explicitlv depend
on z. This means that for given valu=s of a, m,
and %, the focusing strength is constant throunh
a unit cell, It also means that one can main-
tain the same focusing strength in every unit
cell by varying the parameters such that Xv/a?
is held fixed. Except for the short, initial,
radial matching section, the linac discussed in
the section "Design of the 425-MHz RF(Q Test™ has
been designed to have a constant radial-focusing
atrength. Later we show that this has a geomet-
rical consequence that may be beneficial in the

© of RPQ resonators.

e pole-tip shape required to produce the
abo.¢ electric fields is given by:

2 2 ‘ a
vo-y e cos 2y e - [1 - AI_(kr) cos kz ] .

(10

To obtain the shape of one pole tip in the x-2
plane we lat § = 0. This gives:

x2 1 - AIo(kx) cos kz

- - . (11)
.2 1 - AIO(ka)

We then Bolve this equation numerically to find
values of x as a function of 2. Call these
values of x, which are solctione, a(z). To
describe the geometry in the transverse plane we

have der{ved an equation for the transversge
radius of curvature of the pole tip. This
curvature (st

R(z) = ale) ';—:—g . n2)

where

P =1 (ka) + T fimka)
o] []
and

2
0= 5?— (m? - 1)I_(ka) cos kz
2a 1

In our pole-tip geometrical design we have made
the radius of the pole tips equal to x(z). The
pole-tip ahape in the trancverse plane was
approximate® by requiring the pole tipg to have
the radius of curvature Riz). The pole tips are
constructed bv repeated cuts In the transverse
plane hv a tape-controlled milling machine.

This procedure ig A{scusse® more fully in Ref, B,
At 2 = £//4, half wav through the unit
cell, the RPO has quadrupolar svmmetrv. At this
point both the x and v pole tips have a radlus

equal to r, = ax~'/2, also, at this point

the radius of curvature R = r,. The quantitv
I, can be regarded as a characteristic average
radius of the RFQ pole tips. As we have dis-
cussed, {f V is constant, keeping the focusing
strength at a fixed value reguires X/52 to he
conatant, and also this is egquivalent to keeping
Iy fixed. 1In general, a fixed value of L

can be expected to minimize variations in the
vane-to-vane capacitance, and should facilitate
the design of an RFQ resonator in which the
pole-tip voltage dimtribution is required to be
flat over its entire length.

RFQ Desian Procedures

If the ion species and the {nitial anA
final energies are given, and {f the freguency
and intervane potential are specified, the RFD
design 18 determrined when the three independent
functions af2), m(z), and _fz) are given,
where 2z i{s the axial distance along the accel-
erator. Although it mav be more convenient to
explicitly use other related functions such A,
X, or B, the designer must determine three inde-
pendent functions that produce the Aesired
ohjectives in terms of adeguate radial focusing,
capture efficiency, radial emittance qrowth
overall length, or other statad criteria.

Simple linear forms for the above functions can
achieve these obiectives for low beam currents
as long as the rate of change of the variahles
i{s slow enouagh to approximate an adiabatic
condition. Rowever, as the magnitude of the
space-charge force increases, more complex forms
for these functions appear to become necessary
to minimize both particle loss and radial
emittance growth,.



One poscible solution to this problem has
been proposed bv K-T, In this method [/, the
longitudinal, =mmall osclllation, angular fre-
que~cy at zero current, and 2y, the spatial
length of the separatrix, are held constant. If
the functional form of B is specifie®, then the
three i{n?ependent functions a, m and @H ar~
determined. Expressione for “o and Z, are:

2
, T |sin ¢H{
e (13
° aMc
z, -%i—d . 14)

where ¢ is the angular length of the separatrix,
which is relate® to the mynchronous phase ¢,

by:
tan g, - 2041 (15)

1 - cos

In the region of smell longitufinal oscillatione
and for adiabatic changes, constant (i implies

a beam envelope of constant length. For a
longitudinally matche® beam this also implies an
{nvariant longitudinal charge Aensity distri-
bution and fixed beam length. This result holde
for zero current and is also true in the pres-
ence of space-charge forces, {f one assumes the
beam bunch to be uniformly distributed in a
three-dimensional ellipsoid of constant dimen-
siong. Constant Zy, together with constant

N, can furthermore be shown to make the charge-
density Adimtribution approximately constant for
large, longitudinal oscillations at zero current,
As can be seen from Egqs. (14) and (15), the
invariance of Z, determines ¢ . (B). Then
equation (13) Aetermines A(E).

This method of attempting to keep the
charge density distribution approximately con-
start, while accelerating and bunching in phase,
will be expected to reduce those space-charge
effects, such as radial emittance growth, that
appear to he correlated with longitudinal com-
pression of the beam bunch. However, after the
resulting velocity profile B(z) {s determined,
the fun:tion A(z) takes on small values, empe-
cially for large synchronocus phases, and
increases very slowly except near the end, This
can result in an excessivelv long etructure,
particularly as the input synchronous phase
approaches ¢, = -90°. To reduce the length,
the initial value of ¢, must depart appre-
ciahly from -90°, but this reduces the initial
value of ¢, and resulte in reduced capture
efficliency.

We have explored a generalization of the
above method, where we replace the two constante
flo and 2p bv the new invariants ¢ and a,
glven as;

-2nf
o]

16
o ? (16)
(o]

E =

ana

2 (17)
« Qozb .

When i. = 0 this reduces to the E-T method. For
poritive r the small oscillation frequency go
decreases at a constant percentage rate, and the
separatrix length 2, araduallr increases. We
expect this approach to vield a charge distritbu-
tion that can Elowly compress or expard in size
depending upon the value of €, In addition, for
fixed final values of A and ¢, the overall
length decreases as £ increases. Generallv we
have foun® acceptable golutions with £ in the
range 0 € € € 0.2,

We fin? that the use of elther the K-T
approach or the generalized approach ic effec-
tive in reducing radial emittance growth, while
the heam 1ie heing bunched, We refer to this
mection of tha RPFD as the Gentle Bunching Sac-
tion. We alsoc find that to obtain hiah capture
afficiencvy, it {8 necessary to introduce a sec-
tion before the Gentle Buncher in which the
input variahles are specified a= a function of 2z
rather than £, so that the input svnchronous
phase can start at ¢, = -90° and the jnitia’
value of A can be A = 0, 1In order to reduce the
overall length following the Gentle Buncher, we
add a section that maintains a high value of A
at the final synchronous phase. The remainina
problem of radially matchirg the beam into the
time- varving acceptance of the RFQ requires an
initial section for matching. We are thus leAd
to four stages in the overall design ac shown
schematically in Pig. 4. We will now describe
the first mtage, the Radial Matching Secticn.

The matched ellipse parameters in the RFQ
depend on the rf phase and are relatively {nde-
pendent of position along the linac. Therefore
the or lentation of the acceptance ellipse
depenis on time. Por proper matching into the
RFQ, one must provide & transition from a heam
having time-i{ndepenAent characteristies to one
that hae the proper variations with time. This
means that at the {nput, a time-independent rmet
of ellipge parameters is required., These param-
eters will Aepend on the beam currant. Our
solution is to taper the vanes at the input of
the RF) so that the focusing strength chanaes
from almoat zero to its full value over a die-
tance of meveral (5-10) focuming periofs. This
procedure allows the time-independent beam to
adapt itmelf to the time structure of the
focusing avstem. OQuacdrupole mymmetry is mair-
tained throughout this section (no vane
modulation).

This procedure is {)llustrate® in Fig. 5, a
display generated hy the proaram TRACE,9 which
has been modified to include rf quadrupoles,

I
RADIAL
MATCHING t—= SHAPER :J[paNcLL[En -~ ACCELERATOR -+
SECTION |
Pig. 4. Punctiona' hlock Atagram.
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Fig. 5. Radial Matching Section.

either of constant or tapered strengths. The
matched ellipse parameters are firat found for
various phases in the constant-strength sec-
tion. Three such matche” ellipses, corre-
sponding to phases 90° apart, are shown in the
upper right side of the figure for both the x-x'
and y-y' planes, This graphically demonstrates
how different the matched ellipses can he as a
function of phase, and also shows the relatively
small area of overlap that is common to ali of
these ellipses, The phase-space plots at the
upper left are the resylt of following these
same three ellipses backward through a taperen
section of the RFQ, S-periods long (10 cells).
One can mee that these ellipses are very similar
and have a high degree of cverlap. The bottom
graph in the figure shows the horizontal anA
verti~al profiles that result from following
thece three ellipses through the tapered ri
quadrupole. Spice-charge effects were included
in this calculation, which amssume? a beam
current of 30 mA.

An unexpected benefit of the RaAial
Matching Section iz that the increase in aper-
ture at the input results in weak fringe fields
and negligible fringe effects for both lonai-
tudinal and -adial motions. The longi.udinal
field generated within the matching section is
also negligible because of the fact that the
change in B occurse over many rf cvcles.

The second stage, which we zall the Shaper
Section, can begin at ¢, = -90°, The accel-
erating field is increased steadily from zero,
wvhile ¢, is maintained at a large value, Bo as
to obtarn a high capture efficlency. Under the
{nfluence of the ri{sing axiai fleld, an input dc
beam with small energy spread will rotate
“hrough many cycles of longitudinal oscillation.
7 o filament in phase space wraps around itself
to approximate a matched beam in longitudinal
phase space. Some compression of the beam

within the phase gtahle area im Adecirakle to
anticipate subseguent nor adishatic bhehavior,
which could lead to particle loss. At high beam
currents, such compresasion should he limited,
however, becauss of the large radial emittance
growth that can result when the heam im tightly
bunched, Even so, Aramatic effects of space-
charge repulsion will be especially apparent at
the first phase focl for an Input dc beam with
small energy spread.

Por the third stage, the Gentle Buncher, we
employ the qensralized method, where we matiafy
equaticns (16) and (17) an® hold B consatant,
The Gentle Buncher Section completes the
bunching hegun in the Shaper Sectinon an? accel-
erates the quasi-matched heam from the Shaper,
until the final synchronous phase is reached.
The bunch length and the charge denzity undergn
no large change in the process.

When the final synchronous phase is
reached, the Acceleration Section begins. In
this section @G, m, an?® a are held at constant
final values to apply a relativelv larqge
fraction of the intervane voltage on axis, an?
to bring the beam to {ts final enargy within a
ahort distance,

An important step in the design procedure
is a choice of operating intervane potential,
which normally should be as large as possihle,
consistent with the sparking limit. The results
from program SUPERFISR!0 ahow that for the RFO
vanes congtructed at LASL, the highest surface
fields, E_, occur in the miAdle of each cel)
at the poTnt of pure quadrupole svmmetry. The
maximum field does not occur at the pole tip,
but occure at the point where the vanes have
minimum separation. The field at the pole tip
is V/r, an? the peak fielA E, = <V/rg
where for our geometrv « = 1.3A. Once the
choice of maximum allowable surface field is
made, the ratio V/r, ia determined.

After a cholice of B is made, which proviAdes
a good ccmpromise between radial stabilitv and
adequate aperture mize, the quantities V and
I, can be obtained from the relations:

X
qr B

Mc™B K2

We see that higher surface field E, and
smaller B will increase both r, and V. The
average axial field then becomes:

2gAAE 2
£ . (20)

E =
Mc286(2

=]




We choose an {nitia)l m value of m =« 1, A
final value of m 2 produces a qood compromise
between acceleration efficiency, 2, and focusing
efficiency, X, at the end. If X is too small
the constraint that B s constant may make the
final radius parameter too small.

Errorf _Tolerances

After a linac has been designed, one must
try to determine how sensitive the design is to
all probable sources of error. The gquantity and
quality of the output beam can be degrade” by a
variety of things, such as a mismatch and a mia-
steering c! the input beam, and alignment errors
and exclitation errors in the linac. Tolerances
can be apecifled for some of these errors onlv
by rumning a large number of numerical s{mula-
tione. Por other types of errors, it {8 pos-
sible to make more general statements, and {t is
these types that we will be concerned with in
this section.

The results can be specified in terms of
the magnitudes of the multipoles of the focusing
field relative to the quadrupole strength at the
bore radius. The radial component of the nth
multipole at radius, r, and angle, , is defined
to be:

n-1
E - A [‘—] cos (ny ~ &) (21}
r,.n n ].'O n

where A, is the amplitude and & is the
phase of the nth multipole, and rq 18 the
bore radius.

The values given below, as well as those
given for image charge effects, (see Appendix)
were obtalned using a computer program that cal-
culates the charge density induced on equipo-
tential surfaces.ll The unperturbed calcula-
tions were made with the vanes approximated hy
four circular cylinders gymmetyrically placed
about the z-axis. The cylinder walls were a
distance r, from the z-axis and the diameter
of each cylinder was 2r,.

Alignment Errors

The vanetc are displaced glightly from their
proper positions. Symmecric displacemente of
opposite poles, inward or outward, will have no
significant effect other than changing the quad-
rupole strength sligh:ly, which is egquivalent to
changing the operating voltage. Nonsymmetric
displacementa will introduce odd-order multi-
poles. An exanple of a nonsymmetric displace-
ment is a horiszontal displacement of the ver-
tical vanes. A emall displacement, 4, has been
calculated to produce multipoles of order 1, 3,
and 5 having fractions of the guadrupole term of
0.16 d/r,, 0.64 d/r,, and 0.024 d/r,
regpectively. The dominant term appears to be
the sextupole (n = 3), and by placing an accept-
able limit on it one can specify a tolerance on
d/ry. 1If it {s desirable to keep the

sextupnle term helow 1§, thean the tolerance on
d/ro ‘s apnroximatelv 1, 5%,

Exci{tat{on Brrore

The {Jeal excitation is for the potential
on each of the four vane: to osrillate hetween
*V/2 at all! points along the linac. Variations
in the potential in the longitudinal Alirection
will probablv he gradual and small. Information
ahout *he longitudinal field can he ohtained
from Leadpull measurements,

Prrors in the tranaverse fields can be
represented most generally by assuming that each
vare s oBcillating at a Aifferent potential,
The potential on the {t" yane would oscillate
between +(V + LVi)/?, andl the axcitation level
could be adjusted mo that the average potential
Is correct, which woulA make

The voltage errors, 4V, can be divided into
svme cric and antisvmmetric parts. The svm-
metric components correapond to errors on oppo-
alte poles having the mame magnitude and the
same sign; the antisymmetric cumponentes corre-
spond to errors on oppogite poles naving the
same magnitude and opposite si~~s, The sym-
metric components have no effect o the multi-
pole spectrum, but the antisymmetr.. _omponents
will generate odd-o-der multipoles. Let Vi

and v be the fractional antisvmmetric com-
ponents in the horizontal and vertical vanes,
respectively, That is, the potential on the
opvosing horizontal vanes woul? oscillate with
the magnitudes (14v,)V/2. The magnitudes of
the oAd multipoles are foun® to he prooortional
to v = va7 + vv7)1 and the ratio

of the f{irst four to the gquadrupole strengths
are given below:

A/Ay = 0.397 v (TR}
Aj/A2 = 0.%08 v (24)
Ac/A, = 0.029 v (25)
Ay/A, = 0.041 v . (27)

That is, a 08 antisvmmetric component (v = 0.1)
would cause a 4% dipole field and a 3% aextupole
fleld, 1If it is necessary to keep the mextupole



field below 18, then one must keep v < 0.032.
The Jipole field would simply caute a dis-
placement of the electrical axis of the quaAd-
rupole by the same percentage,

Design of the 475-MHA: RFD Test

One of the applications of the RFD under
consideraticn at LASL is for the high-intensity
15-MeV deuteron accelerat r being designed for
the Ranford Fusion Materials Irrsdiation Test
(MIT) Facility to he installed at the RanforA?
Engineering Developrent Laboratory (REDL) at
Richland Washington. An important step in gval-
uation of the RPQ for this linac is a full power
test, which uses an exiating proton injector and
an existing source of rf power. As an example
of the desigr method discussed above, we present
the RFQ design for this test, which we will call
the 42°-MHAz Test Design. Table I shows a list
of parameters. Because of limitations ‘mposed
by the existing hardware, the frequency was
chosen at f = 425 MHz and the length was
constrained to be equal to L = 110.8 em.

The surface gradient, E_;, was chosen to
have the conservative value 27 Mv/m. After the
Radial Matching Section, a constant value
B = 5.85 p.ovides a compromise between radial
stability and tolerance requirements arising
from the samall aperture. The resulting
characteristic average radlius is o ® 0.2 om
and the resulting intervane voltage is
V = 44 kV. The objective of the test ig to
capture a dc beam of energy W; = 0.1 Mev,
bunch and accelerate it to saome ene.gv greater
than abcout 0.5 MeV, and to study the performance
as a function of input current. The exact value
of the final synchroncus phase {s not important,
as long as good bunching can be demons. ated,
Two computer programe have been written to help
gencrate parameters for the beam-dynamics
program PARMTEQ (see Appendix). The flrst
program generates the Gentle Buncher parameters
as a function of axial distance z, given initial
and final eneryies for thim section and ,iven
the £ parameter. The second program takees the
initial Gentle Buncher parameters as fina
values for the Shaper Section, generates Sho.per
parameters as a function of z, then tracees
particles through the Shaper (n longitudinal

TAELE I

425-MHz TEST DESIGN PARAMETERS

Ton A+
Pregquency 425 MHZ
Input Energv 0.100 Mev
Output Energy 0.640 Mev

Intervane Voltage 44 kV

Minimum Radius Parameter 0.126 cm
Overall Vane Length 110.8 em
Number of Cells 165
Raminal Current 15 mA

phase space, thus giving an estimate of expsctenr
capture efficiencv. In addition, both programs
calculate geveral quantities as a function of 1z,
such as the ratio of space charge to focueing
force (see Appendix), and longitudinal and
radial oscillation frequenciea. These resylts
are useful am a gui "~ to predict and {nterpret
subsequent PARMTED 1 nmults.

The choser resign is one with a Gentle
Burcher parameter ¢ « 0, which corresponds to
the K-T approach. Several designs made
with ¢ = 0.2 gave comparable results. Pigure 6
shows the resulting profiles from PARMTED for
peveral variables. The four basic sections of
the structure are indicated. The final energy
after 110.8 cm and 165 cells is We = 0.640 Mev.
The radial matching is done in the first ten
cells or 5.2 om, where B is linearlv varied from
an initial value of B = 0.20 to a final value
B = 5.85, an? is kept constant throughout the
rest of the structure. The slow increase of m
during the first half of the structure appears
to he necessarv in order to reduce radial
space-charge effects as was discussed
previcusly. As m increases and the acceleration
efficiency A (not shown) almo increases, the
focusing efficiency, X, decreases. The constant
value of B then implies a decrease in the radius
parameter a. The transverse acceptance is
determined by the fina) aperture and has a
normalized value A, = 0.097 om-mr at the
nominal current 0of T = 15 mA. This can he
compared with an expected input beam from the
ion source having a normalized emittance of
B, = 0.05% em-mr. The input particle
Ai{stribution used in the PARMTED calculation
gave 1008 of the heam within this phase-space
area, and 908 within a normalized area of 0.034-
cm-mr.

In Table II we list the PARMTED res 1ts for
the beam transmission efficiency, the output
bear current, and the radial emittance growth.
The emittance growth ig the normalized emittance
of the transmitted beam divided by the nor-
malized emittance of the input beawm. Both
enjttances are obtained from ellipmes which
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Fig. 6. Parameters for the 425-MHAz test deaiqgn.



TABLE I1I

RESULTS PROM 425-MRA TEST DESIGN

Input Transmission Output Ratial Pmittance

Current Efficiency Currert Growth
(mA) ) (mA) (908 Contour)
0 96.7 0 1,04
1% 96.1 14.4 1.13
30 86.4 25.9 1.23
a5 73.6 13.1 1.19
€0 66.6 41.2 1.22

100 54.4 54.4 1.07

contain 908 of their respective beams. As the
input current increases, a larger number of
particles is lost radially to the bore, which
decreases in size from the input to the output.
This selective radial loss explains the
decreasing emittance growth for the hYigher
currents.

Figure 7 shows the phase, energv, and
radial profiles and the transverse phase space
in both planes for I=0 and for the nominal beam
current of I=15 mA. The dotted lines on the x
profile plot Indicate the aperture size.

Figure B8 shows the longitudinal phase space at
several cells along the RFQ for both I=0 anA
I=1S mA, starcing with an initial d¢c beam with
tero enarqgy spread. Space-charge effects, which
become apparent near the first phase focus,
persist throughout the remaining I=15 mA plots.

It s of interest to compare the resulte of
our 425-MHz Test Design with thouse that are
obtained by a more simple approach, where, after
the initial matching section, ¢ , is linearly
increased from -90° to -40° and the
modulation parameter m is linearly ramped from
m ] to 2 over the total distance of 110.8 om.
We refer to this design as the Linesr Ramp
Design, and it is characterized bv the lack of a
Gentle Buncher Section. The Linear Ramp Design
gives a larger final energy of We = 0.719 Mev
in 150 cells, which exceeds that of the 425-MHz
Test Design because of a larger average axial
field. Results showing the beam transmission
efficiency, output current and radial emittance
growth for the Linear Ramp Design are presented
in Table IIT.

TABLE III
RESULTS FROM LINFEAR RAMP DESIGN

lnput Transmission Output Radial Emittance

Current Efficiency Current Growth
(PA) () (mA) {908 Contour)
0 96.9 0 1.12
15 79.2 11.9 1.48
4% 41 .4 18.6 1.16
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Fig. 8. Longitudinal phase space at center of
cell for 425 MHz Test Design.
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I1f we compare the results in Table IIT with
those presented in Table II, we see that the
simple linear--amp approach gives good trans-
missior efficiercy wvhen space charge car be
neglected., But, as expected, the 425-MHAz Test
Design is clearly superior in terms of trana-
mission efficency st the nonzero beam currents
vwhown. The radial enmittance-growth numbers are
significantly pertu:bed by particle loas at the
larger beam currents in both designi.
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Appendix

Image Charge Effects

We have tried to estimate the magnitude of
the effects on the beam caused by the image
charges induced on the vanes bv the heam itself,
The simplifying assumptions made in this anal-
ysie overestimate the image-charge efferts.

In the high-energy end of the linac, where
the beam is bunched and th> vanes have a rela-~
tively large modulation, it appears that the
image charges actually produce an alternating
focusing and defocusing effect for both the
longitudinal and radial motions. Although the
focusing and defocusing strengths do not neces-
sarily have the same magnitude, the net effect
should be less than in the low-energy end, where
the main effect is radially defocusing.

The image charges produced by a continuous
beam with a circular cross section, centered on
axis, wlll cause multipole fields of order 4, 8,
., proportional to the beam current. For a
beam with radius ry, the ratio of the magni-
tudee of the image force to the space-charge
force at the edge of the beam was calculated to
be:

image force
space-charge force

r 4 r B8
« 0.422 —b} +0.118 —b}

r r

of o

(A-1)

vhere r, is the bore radius. 1If
rp = 0.5 ry, then this ratio is less than
n.

A displacement of the beam center from the
axis produces image charges t.at cause other
nultipole components, the main ones being the
n=1, 3, and 5 terms. The magnitudes of the
n=4,8, ... multipoles are relatively
unchanged by small dieplacements of the beanm.
The strength of the dipole fiel? is approxi-
mately 0.78 E r./r,, vhers ro is the dis-
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placement or the heam center from the axisg, anAd
P is the space-charge field produced by the heam
at a distance r, from its ~enter., The magni-
tudes of the n = 3 and n = S multipole fields
are each approximately half of the magnitude of
the dipole field.

Based on these results, we make the
following conclusion: As long as the heam is
well contered (sav r, < 0.2 r,) and the beam
does not fill a large fraction of the aperture
(say r, < 0.6 r,), then the image forces are
at least an order of magnitude lower than the
snace-charge forces and can be neglected without
veriously affecting the results, TIf these con-
ditions are violated, then the image forces
might become comparable to the space-charge
forces and could cause an increase in the heam
loss and {0 the emittance growth,

Outline of PARMTEO

The computer program that we use to studv
the beam Advnamics of the RFO linac is called
PARMTEQ, (Phase and Rafial Motion in Transverse
Electric Quadrupoles). 1It ie a modified version
of PARMILA, and performs four bamsic functions.
1t generates an RPO linac, generates a varietv
of input particle distributions, performs heam
dynamics calculations, and generates a varietv
of outputs,

The information required for generatina an
RPO linac consists of the fn lowing: the vane
voltage; the linac frequeacy, the mass of the
particles; the initial anA final energies; and a
table of values specifving tie radial focusinag
strength B, the vane modulation parameter m, and
the synchronous phase, all at specified Adis-
tances along the structure. The linac is
generated cell by cell, in an iterative
procedure.

The heam-Avnamics calculations are per-
formed as follows: Each cell is divided into a
number of segments (tvpicallv four, with a maxi-
mum of eight). Initial values of the dvnamical
quantities x, x', v, v', ¢, and W are trans-
formed to final values through each segment.

The pnase and energy coordinatet are the first
to be transformed. In the radlal transforma-
tions, the quadrupole and the rf-defocusing
terms are treated sr-oarately. The quadrupole
transformation is t .at of a standard quadrupole
hasing a length equal to the segment length, and
a strength that depends on the rf phase as the
particle passes through the segment. Conse-
quently, each particle will experience a
different quadrupole force depending on its own
phase. The rf defocusing term is treated as an
impulse or thin lens, whome strength depends on
the rf phase as well &s on the location of the
particle in the cell.

At the middle of rach cell, the particles
are given an impulse to simulate the space-
charge forces. This is the most oifficult
transformation to make satis”actorily. In order
to calculate properly the space-charge forces,
one needs to know the poesitions of all the
particles at a given (nstant in time. 1Instead,



one knows the particle coordinate- as they
arrive at a particu. v location along the 1llnac.
There is a big diffe:3nce between these two
sitvations when there is a large phase spread in
the beam, as there is in the low energy portion
of ths RPQ. Consequently, before calculating
the space-charge forces it (s important to esti-
rate the particle positions at a given instant
in time, which we have chosen to be the time
when the rf field {s vero. At this particular
time, the cross section of the beam should he
very nearly circular. A series of transforrma-
tion matrices is generated, considering only the
quadrupole term, that transforms the radial
coordinates from their values at all other
phases within +180° {n 5° increments. FPor

each particle we find the transformation matrix
that most pearly agrees with the phase of the
particle, and we apply the inverse of the trans-
formation. This giver us the estimate of the
pa.ticle's radial coordinate at the desired
phase. The longitudinal position is estimated
fron the particle's velocity and phase. After
doing this for all o’ the particles, the space-
charge forces are ca .ulated and the impulses
are applied by c!anging x', y', and W for each
particle. The radial conrdinates are then
similarly transformed back to their modified
values at their original phases, amd th.s com-
pletes the space-charge transformation for one
cell.

After the space-charge transformation, the
coordinates are transformed through the
remainder of the segments in the cell. A
variety of output subroutines can be called at
the end of any cell, or at the middle of any
cell, either before or after the space-charge
impulse is applied.

Some RFQ Scaling Methodc

Some RPQ applications may require a method
of scaliny an existing design to some new fre-
quency. At fixed £ a change in frequency will
cause a change in the operating point on the
radial stability chart, which changes the trans-
verse beam dynamics. An exactly equivalent
structure may not be obtainable when the fre-
quency is changed. We find that a useful guide
for generating solutions at new frequencies is
to impose a direct geaometric scaling of dimen-
sions in proportion to wavelength. Thus at each
cell we have the radlue parameter a proportional
to 1, and m is unchanged. The fraquency depen-
dence of a and E, tends to make B, {, and V
decrease ac frequency increases and makes Eo
increase somewhat with increasing frequencv.

Por high-current applications of the RPQ it
useful to have some means of evaluating the
wted importance of space charge effects, We

i1 't useful to compute the ratio p of -he
apace rge force to the average or gmoothed
restoring force. Ne assume a modal where the
beam bunch 18 reprcaented bv a uniform
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distribution of charge within a three
dimensional ellipmoid. Por longitudinal motion
we obtain:

90 1(amps)x362:(b/rb)

b, = 5
k wzv(vclts)brb‘Alsin @s{

where rbz = ry Iy And b is the half

length of the bunch. The function f(b/r) has
the approximate value f(b/r,) = r,/3b in the
range 0.8 < b/ry < 5.

For radial motion we use

1 A1 -
45q1 (amps) ll f(b/rb)]

b= (h=13)
2 2 2

’ M’ (ev)&’r, o _°
b r

2 1 1.2 2,

where k = 555 B+ 87 u]

BmTETA”
Generally we trv to keep .. an? L less

than about 0.5 in order to contrel bea; losses
due to a reduced stable phase space area. Cince
2; and U affect the frequencies of

longitudinal and radial motion, the additional
condition must be met, that resonance must be
avoideA.

We can also obtain limiting current
expressions, if we assume the limits occur when
L. =1 and v = 1. We assume that the bunch
half-length ie related to the avnchronous phase
by:

is assumed
the

The approximate form for fib/rp)
and we replace sin &g bv 1 g. Por
longitudiral limit we obtain:

avls \Br
1. = s b _=
I 120
where ry, is the beam radius. The radial limit
is:
2272 .
;o Blrle TuetlET ety (et

3
7207 2 %q11 - £]

The longitudinal limit decreases raoidlv as
the beam i®& bunched in pnase. The radial limit
increases with £, but also decreases while the
beam {8 bunched in phase.

At the front end of the RF), where the beam

ie in transition hetween a DC and a hunche?



bear, these formalas will =cr applv. The lacy ©T. M Faprtcircboc oped 0 A Te-loar-o, P
nf separatinn of kunches will he s perved vs Ter™ EBwer N~ 2 1% -1277

--teduce the lorgitudinal-snace charge repulzinn. 6. 1. M. Raprr:-=v-1 and T, A Teplrgr—=-, Fra-,
byt the conditions ariaing at each prare fxrg= Tev>. Brar. N-. 4, 17 11370

~C@ie Credte- locallzsd ynstable regions, whers 7. R, B Gecwes, B, F, Tran®al], I E.

—fipace charge forcer aay excesd vhe faciairg and . A Swenann, IEEE Trehs. on N
forces. NS-2F, MEQ 1675

8. J. M, Prvear, S W, W:'lltame, P. T H: mp--
Referencee ardA G5_ W_ Roderz, TEFF Tra.c. . €=

T NHS-2%, 174% r1a=3
1. V. Y, Viadimirarii, Prik. Tekh, Prsp. No. 1. 9. E. R. Cranaall,

35 1195F,.
G. M. Arisimov and V. A. Teplyakav, Prir.
Tekr. Erer. No_ 1, 21 (,9€3;.

V. A. Teplvaknv, Prit. Texh. Busp. K, 6. 24
119€4,
P. Fer_. P. Lap/=tnlle, T Beirk, and A.
Cal respine, Prer~, Int, Cornf. on Lirear
A~ ‘erat~i 5. Dubira fAag. 19€1,, ed, A. A
Fosomeawy, A, B. Fimnevg~y, and }_ N,
Leheds~,

r

<
g
L]

10,

11.

"TPACF": rr rreractive
Bear~Trarsp rt Prograr * 7

1973+,

K. Ha'ra~~, R. F. A2'cinger, W F_ T,1a .ra
D. A. & .a=r, .

CvlindAr,ca’ PF Cav-rr Evn'.avinr Tode
SUFPPFICR." Pror. ~f 197F PBrover lira-
Cerrf_, Aromiz Prerge of Tarada “vd Foro--
No, APCL-BR77, 127 1107,

F. F. Crantail, "Caompitarinr ~f Crarge
Dimtririvrinn ~r or Near Bg,iprtant,.a’
Curfa-ee ® [A-1212,

"Pronarrimc ~€ yna

Pesam-ar TGEF



